R etinitis pigmentosa (RP) is a heterogeneous group of inherited retinal degenerative diseases that lead to blindness and typically involve progressive loss of rod and then cone photoreceptor cells (affecting approximately 1 in 3000 humans). Early stages of RP are characterized by night blindness, followed by a loss of peripheral vision. 1 The disease may progress slowly over many years, or progression may be rapid. In the past 15 years, more than 30 genes have been implicated in the genetics of RP (http://www.sph.uth.tmc.edu/retnet). Many of the genes encode photoreceptor-specific proteins, among them the structural protein peripherin, rod outer segment membrane protein-1, rod cGMP phosphodiesterase, and rhodopsin. [2] [3] [4] [5] The rd1 mouse carries a nonsense mutation in the gene coding for the ␤ subunit of the rod photoreceptor-specific cGMP phosphodiesterase 6 (PDE6-␤), rendering the enzyme nonfunctional. 6, 7 Defects in the photoreceptor PDE6-␤ gene have been shown to underlie cases of autosomal recessive RP (arRP), accounting for approximately 1% to 2% of all cases of RP, which makes the rd1 mouse a relevant and useful model of human RP. 8 -10 The absence of phosphodiesterase activity leads to an increased accumulation of cGMP in the photoreceptors, 6 which in turn leads to an increase in Na ϩ and Ca 2ϩ influx through the cGMP-gated cation channels. Photoreceptor Ca 2ϩ levels in the rd1 mouse are elevated, starting at postnatal day (P) 5 , and have been shown to be increased to approximately 190% by P15 compared with photoreceptors from wildtype mice. 11 Uncontrolled Ca 2ϩ -influx triggers apoptosis, and Ca 2ϩ channel blockers have been shown to rescue the rd1 photoreceptors. 12, 13 Although there is a consensus on the role of Ca 2ϩ as an initiator of degeneration in the rd1 retina, the subsequent cellular steps leading to degeneration remain unresolved.
Recently, endoplasmic reticulum (ER) stress has been implicated in a wide variety of human diseases, including diabetes, cancer, and many neurodegenerative disorders such as brain ischemia, Alzheimer disease, Parkinson disease, Huntington disease, and amyotrophic lateral sclerosis. 14 -22 The ER is a multifunctional organelle involved in the folding and processing of proteins, intracellular calcium homeostasis, and cell death signaling activation. 23 A number of cellular stress conditions, such as perturbed calcium homeostasis or redox status, and an accumulation of unfolded proteins in the ER cause ER stress that activates the unfolded protein response (UPR). 24 Several sensors of ER stress have been identified. These include glucose-regulated protein-78 (GRP78/BiP), pancreatic ER kinase (PERK), eukaryotic initiation factor 2␣ (eIF2␣), and caspase-12. Once the UPR is activated, the cell may eventually return to normal ER homeostasis or, under prolonged ER stress, may continue toward apoptosis. Because neurons are highly susceptible to the toxic effects of misfolded proteins, ER stress-mediated cell death may have an important role in the pathogenesis of this disease.
Although the rd1 mouse is a relatively well-studied model for RP, the direct causes of photoreceptor death are unclear. Previous studies speculated that Ca 2ϩ overload and the generation of reactive oxygen species (but not mutually independent) are two possible mechanisms underlying the apoptotic pathway. 25 Given that disturbance of calcium homeostasis and oxidative stress may cause ER stress, we hypothesized that ER stress is activated in degenerating photoreceptors in the rd1 mouse. 17, 24, 26 
MATERIALS AND METHODS

Animals
All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All animals were husbanded in accordance with the guidelines of the Association for the Assessment and Accreditation of Laboratory Animal Care. C3H/FeJ mice homozygous for the rd-1 mutation were examined at four time points: postnatal days (P)10, 12, 14, and 24. Age-matched congenic C3H mice (C3.BliA Pdeb-rd1 ), which are wild-type at the rd-1 locus, were used as controls. Both genotypes were obtained from the Jackson Laboratory (Bar Harbor, ME) and were housed in an airconditioned room under a 12-hour light/12-hour dark cycle at a light intensity of 20 to 40 lux, under specific pathogen-free conditions at the Animal Facility of Peking University Health Science Center.
Tissue Preparation
After the mice were humanely killed with an anesthetic overdose of pentobarbital, the eyes were immediately enucleated and immersed in 4% (wt/vol) paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 1 hour. Anterior segments were removed, and posterior segments were immersed in the same fixative for another 5 hours. Tissue samples were transferred to 20% sucrose buffer solution at 4°C overnight before they were embedded in an OCT compound. Frozen sections were then sectioned at 8 m through the optic nerve head and the ora serrata with a cryostat. The sections were stored at Ϫ80°C until various investigative studies were conducted.
TUNEL Assays
Photoreceptor apoptosis was determined by using a TUNEL system (DeadEnd Colorimetric TUNEL System; Promega, Madison, WI) according to the manufacturer's instructions. For quantitative analysis, the number of TUNEL-positive photoreceptor nuclei was counted by a masked observer. Positively stained apoptotic photoreceptors were counted in a standard length of retina (1.2 mm) centered on the optic nerve head using a graticule at 40ϫ objective magnification, as described previously. 27 Nine sections from three mice were used for TUNEL study at each time point.
Western Blot Assays
The eyes were enucleated and bisected, and the retinas were peeled from the eyecups and immediately homogenized with 0.5 mL ice-cold lysis buffer (50 mM Tris-Cl, pH 8, 0.02% sodium azide, 1 g/mL aprotinin, 1% NP-40, 100 g/mL phenylmethylsulfonyl fluoride [PMSF] ). The insoluble material was removed by centrifugation at 12,000g at 4°C for 20 minutes. Final protein concentrations were determined using a protein assay kit (BCA; Pierce Biotechnology, Rockford, IL) according to the manufacturer's specifications. Western blot analysis was then performed as previously described. 28 Polyclonal antibodies specific for GRP78/BiP (1:500, ab21685; Abcam, Cambridge, UK), caspase-12 (1:1000, AB3612; Chemicon, Temecula, CA), phospho-eIF2␣ (1:1000, 3597; Cell Signaling, Beverly, MA), and phospho-PERK (1:1000, 3179; Cell Signaling) were used for immunodetection. Next, the blots were incubated with donkey anti-rabbit IgG (HϩL) horseradish peroxidase (HRP) (Promega), which is an affinitypurified HRP-conjugated secondary antibody. Blots were visualized using an enhanced chemiluminescent technique (SC-2048; Santa Cruz Biotechnology, Santa Cruz, CA). As a control for equal loading of proteins, a ␤-actin antibody (1:2000, A2228; Sigma-Aldrich, St. Louis, MO) was used. To evaluate ␤-actin expression, the blot was stripped in stripping buffer (62.5 mM Tris-Cl, pH 6.8, 2% SDS, 100 mM ␤-mercaptoethanol) for 30 minutes at 50°C and reprobed. For quantitative evaluation of the Western blot studies, the films were scanned and the optical densities were quantified with analysis software (Quantity One 1-D; Bio-Rad, Hercules, CA). The Western blot experiments were repeated four times from separate samples for each time point.
Immunofluorescence Study
For immunofluorescence, the tissue sections were fixed with chilled fresh acetone for 10 minutes. After they were washed with PBS, the sections were incubated with a blocking buffer (1% bovine serum albumin) for 3 hours at room temperature. The sections were then incubated overnight with primary antibodies at 4°C to GRP78/BiP (1:330, ab21685; Abcam), caspase-12 (1:200, AB3612; Chemicon), phospho-eIF2␣ (1:300, 3597; Cell Signaling), and phospho-PERK (1: 300, 3179; Cell Signaling). After rinsing with PBS, the sections were incubated (Cy3 AffiniPure Goat Anti-Rabbit IgG; HϩL; code 111 to 165-003; Jackson ImmunoResearch Laboratory, West Grove, PA) for 45 minutes and were examined under a confocal laser scanning microscope (510 META; Carl Zeiss, Oberkochen, Germany).
Statistical Analysis
Data are summarized as the mean Ϯ SD. Statistical comparisons were made by a single-factor ANOVA followed by the least-significant difference post hoc test for multiple comparisons. P Ͻ 0.01 was considered significant.
RESULTS
Photoreceptor Death in the rd1 Mouse
As previously reported, the retinas from the rd1 mouse and the control C3B mouse were morphologically comparable until P10, 29, 30 when TUNEL-positive photoreceptor cells were first detected in the outer nuclear layer (ONL) and the ONL width was comparable in the rd1 and control mice. At P12, the number of TUNEL-positive photoreceptor cells reached a peak in the rd1 mouse, and the ONL width was reduced by approximately one third the width in the wild-type mouse. At P14, only scattered TUNEL-positive photoreceptor cells were observed, and the ONL width was reduced to two to three layers of photoreceptor cells. At P24, no TUNEL-positive photoreceptor cells were detected in the ONL, and the ONL width was reduced to only one layer of photoreceptor cells. The time course of the incremental alteration of the TUNEL-positive photoreceptor cells in the ONL of the rd1 retina is illustrated in Figure 1 .
Western Blot Assay of GRP78/BiP, Caspase-12, Phospho-eIF2␣, and Phospho-PERK in the rd1 Mouse Protein expressions of GRP78/BiP, caspase-12, phospho-eIF2␣, and phospho-PERK were determined by a Western blot assay. A representative gel image is shown in Figure 2 . The results indicate that the control retina constitutively expressed modest quantities of GRP78/BiP protein. Accompanying photoreceptor degeneration in the rd1 mouse, the expression of GRP78/BiP protein was upregulated in a time-dependent manner. The expression of GRP78/BiP was mildly upregulated at P10 and was markedly upregulated and peaked at P12. Subsequently, expression slowly declined and by P24 had returned to the basal level.
The control retina constitutively expressed modest quantities of procaspase-12 protein. Accompanying photoreceptor degeneration in the rd1 mouse, the expression of procaspase-12 protein was first downregulated at P10, was markedly upregulated and peaked at P12, and declined and returned to the basal level at P24. The control C3B retina expressed very low levels of cleaved caspase-12. Accompanying photoreceptor degeneration, the expression of cleaved caspase-12 protein was upregulated in a time-dependent manner. It was markedly upregulated and peaked at P12 and then returned to the basal level at P14.
The control retina constitutively expressed modest quantities of phospho-eIF2␣ protein. Accompanying photoreceptor degeneration in the rd1 mouse, phospho-eIF2␣ protein expression was first downregulated at P10, and then it was upregu-5192 Yang et al.
IOVS
lated. The expression of phospho-eIF2␣ was markedly upregulated at P12 but returned to the basal level at P14. The control retina constitutively expressed modest quantities of phospho-PERK protein. Accompanying photoreceptor degeneration in the rd1 mice, the expression of phospho-PERK protein was upregulated. The expression of phospho-PERK was markedly upregulated at P10 and P12. From P14 onward, its expression declined to the basal level. At P24, the phospho-PERK expression was markedly downregulated.
Immunofluorescence Study of GRP78/BiP, Caspase-12, Phospho-eIF2␣, and Phospho-PERK in the rd1 Mouse Western blot assays provided strong evidence for the upregulation of endoplasmic reticulum proteins in the retinas of the rd1 mouse. Location of GRP78/BiP, caspase-12, phosphoeIF2␣, and phospho-PERK proteins was determined by the immunofluorescence study. In all immunolabeling studies, no positive cells were observed in the samples in which the first antibody was omitted to serve as a negative control (data not shown).
At P12, positive GRP78/BiP staining of the control retina was mainly distributed in the inner nuclear layer (INL), and no positive staining was seen in the ONL or in the photoreceptor inner segments. At P10, no significant difference was shown in the rd1 retina compared with the control retina. At P12, the GRP78/BiP-positive staining in the rd1 retina was most evident and was located primarily at the photoreceptor inner segments. The INL and the ONL also showed GRP78/BiP-positive labeling. From P14 onward, the intensity of GRP78/BiP immunofluorescence in the rd1 retina decreased dramatically compared with the P12 retina. This was particularly evident in the INL, where the staining was almost entirely undetectable. Only minor positive staining was evident in the ONL and at the photoreceptor inner segments. At P24, no representative positive labeling was seen in the rd1 retina (Fig. 3) .
At P12, caspase-12 immunofluorescence was evenly distributed among all the layers of the control retina. At P10, immunofluorescence in the rd1 retina labeled the outlines of the cells in the ONL and the outlines of the photoreceptor inner segments. At P12, the caspase-12-positive labeling in the rd1 retina was most evident and was primarily located at the photoreceptor inner segments and the ONL. The INL also showed some positive labeling. At P14, the positive labeling in the rd1 retina was weaker than at P12. At P24, positive staining was almost undetectable in the rd1 retina (Fig. 4) .
At P12, the positive phospho-eIF2␣ staining of the control retina labeled the outlines of the cells in the ONL and the INL. At P10, the positive labeling in the rd1 retina was weaker and less intense than in the control retina. At P12, the positive phospho-eIF2␣ staining in the rd1 retina was most evident and was primarily located in the photoreceptor inner segments and the ONL. At P14, staining in the ONL and in the photoreceptor inner segments was markedly decreased. At P24, positive staining throughout the rd1 retina was nearly undetectable (Fig. 5) .
At P12, the positive phospho-PERK staining of the control retina was mainly distributed in the photoreceptor inner segments, and the INL also showed scattered positive labeling. At P10 and P12, the phospho-PERK immunofluorescence in the photoreceptor inner segments and in the INL in the rd1 retina was markedly increased compared with the control retina. From P14 onward, the intensity of phospho-PERK labeling in the photoreceptor inner segments was weaker, but the positive labeling in the INL had increased (Fig. 6 ).
DISCUSSION
We observed that accompanying photoreceptor degeneration in the rd1 mouse, the ER stress proteins, including GRP78/BiP, caspase-12, phospho-eIF2␣, and phospho-PERK, were markedly upregulated. The upregulation of ER stress proteins coincided with or preceded the photoreceptor apoptosis, suggesting that ER stress plays an important role in photoreceptor apoptosis in the rd1 mouse. We hypothesized that the initial gene defect in the rd1 mouse resulted in Ca 2ϩ overload, which induced the ER stress pathway, causing the cells to go into apoptosis.
Calcium is an important intracellular signaling molecule that requires tight regulation of the intracellular concentrations for optimal triggering of signaling cascades and cell survival. 31 In the mouse photoreceptor, normal calcium levels range between approximately 250 nM (in complete darkness) and approximately 60 nM (in the light). 32 In the rd1 mouse photoreceptors, however, calcium levels increased up to approximately 190% over the wild-type mice levels. 11 Consequently, messages for calcium-binding proteins and specific calcium sensors, such as calpains, may be upregulated in the rd1 retina. Calpains are cysteine proteases activated by calcium during the apoptotic processes. 33 Two ubiquitously expressed calpains are the isozymes calpain I (-calpain) and calpain II (m-calpain), which are activated in vitro by micromolar and millimolar calcium concentrations, respectively. 34 Calpain I and calpain II are expressed in the retina, and they were activated in the rd1 mouse. [35] [36] [37] Calpains do not directly cause chromatin condensation, but they are proteases that activate apoptotic factors. Several proteins are known targets of calpain protease activity, such as caspase-12. Caspase-12 is localized on the cytoplasmic side of the ER, which enables direct sensing of ER perturbations. 38 Caspase-12 is activated when the ER undergoes stress, but not by membrane-or mitochondrial-targeted apoptotic signals. Mice deficient for caspase-12 are resistant to inducers of ER stress, suggesting that caspase-12 is significant in ER stress-induced apoptosis. 39 In the present study, accompanying photoreceptor apoptosis in the rd1 mouse, the expression of procaspase-12 and cleaved caspase-12 were markedly upregulated. The expression of procaspase-12 was downregulated at P10, but this might have been because some of the procaspase-12 was cleaved. The upregulation of caspase-12 coincided with the onset and peak of photoreceptor apoptosis, suggesting that caspase-12 is involved in the photoreceptor degeneration in the rd1 mouse. The immunofluorescence study demonstrated that at the peak of its expression, caspase-12 was primarily located at the inner segments of photoreceptor cells, with some positive staining also showing in the ONL. This is consistent with the theory that caspase-12 is localized in the ER, so that the protein is most likely localized in the inner segments of photoreceptor cells containing mitochondria and the ER. The cleaved active form of caspase-12 participates in the apoptotic event by translocation to the nucleus or possibly through other caspases. 40 -42 Caspase-12 is phylogenetically one of the inflammatory caspases. 43 It has been reported that murine caspase-12 expression is induced by IFN-␥ and that the expected NF-B and AP-1 binding sites are present in its promoter region. 44, 45 As seen in a previous study, ER stress may activate some of the proinflammatory signal transduction pathways associated with innate immunity. 46 The upregulated expression of chemokines and noxious factors in the rd1 mouse retina might have resulted in part from caspase-12 activation. 29 The UPR is initiated by the binding of the ER chaperone GRP78/BiP to the misfolded proteins. Under normal conditions, GRP78/BiP forms a complex with three key proteins at the ER membrane-PERK, transcriptional factor ATF-6, and endoribonuclease IRE-1. 47 The binding of GRP78/BiP to unfolding proteins releases GRP78/BiP from PERK, ATF-6, and IRE-1. Subsequently, GRP78/BiP is activated and the protein folding capacity of the ER is increased. UPR is also characterized by phosphorylation and activation of the PERK, which is localized on the ER membrane and is phosphorylated when stress is imposed on the ER. In turn, it phosphorylates the eIF2␣ and elicits various cellular responses, such as protein synthesis inhibition and apoptotic signal activation. [47] [48] [49] In this study, the expression of GRP78/BiP was upregulated in the rd1 retina from P10 and peaked at P12, coinciding with the onset and peak of photoreceptor apoptosis. The expression of phosphoeIF2␣ was downregulated at P10, but then it was markedly upregulated and peaked at P12. The expression of phospho-PERK was markedly upregulated and peaked at P10, after which, its expression declined. These results suggest that UPR is activated in the rd1 mouse photoreceptor degeneration process. A large number of dominant mutations throughout rhodopsin cause protein sequestration in the ER of flies. 50, 51 The UPR is activated and plays a protective role against the progression of retinal degeneration. 52 Until now, however, no direct evidence has indicated that unfolding protein accumulation was involved in the rd1 mouse retinal degeneration. Further study will be needed to support this suggestion.
Based on observations in the rd1 mouse, Sharma and Rohrer 25 proposed the pathway of apoptosis in photoreceptor degeneration: an increase in intracellular Ca 2ϩ activates calpain, which may cleave the proapoptotic Bcl-2 family protein bid. Interaction of truncated bid (t-bid) with the mitochondrial permeability transition pore causes mitochondrial membrane potential loss (⌬⌿m), leading to the release of cytochrome c. 25 The increase in cytoplasmic cytochrome c causes the assembly of the apoptosome, leading to the activation of caspases that cleave downstream death substrates and activate endonucleases that cleave genomic DNA into fragments resulting in apoptotic nuclear morphology. It is likely that the energetic burden on the rd1 rods is high as their ion pumps attempt to reestablish homeostasis. 53 In accordance with this assumption, increments in the activity or expression of glycolytic enzymes 5196 Yang et al. IOVS, November 2007, Vol. 48, No. 11 have been reported in the rd1 mouse, and these changes are thought to lead to an increase in the production of ROS and oxidative stress. 53, 54 ROS and oxidative damage also are part of the rd1 rod pathology. 55 From this study, we added that disturbance of calcium homeostasis and oxidative stress in the rd1 mouse activated ER stress, which elicited various cellular responses, such as increments in the protein folding capacity and protein synthesis inhibition, intended to induce the cell's return to normal ER homeostasis. Under prolonged ER stress, however, apoptosis-promoting factors such as cleaved caspase-12 were activated, and the cells progressed to apoptosis.
In conclusion, our study demonstrated that ER stress played an important role in photoreceptor apoptosis in the rd1 mouse. Therefore, ER stress modulators may be strong candidates as therapeutic agents in the treatment of the retinal degenerative diseases.
